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We discuss a novel effect in neutrinoless double beta (0νββ) decay related with the fact that
its underlying mechanisms take place in the nuclear matter environment. We study the neutrino
exchange mechanism and demonstrate the possible impact of nuclear medium via Lepton Number
Violating (LNV) 4-fermion interactions of neutrino with quarks from decaying nucleus. The net
effect of these interactions is generation of an effective in-medium Majorana neutrino mass matrix.
The enhanced rate of the 0νββ-decay can lead to the apparent incompatibility of observations of
the 0νββ-decay with the value of the neutrino mass determined or restricted by the β-decay and
cosmological data. The effective neutrino masses and mixing are calculated for the complete set
of the relevant 4-fermion neutrino-quark operators. Using experimental data on the 0νββ decay in
combination with the β-decay and cosmological data we evaluate the characteristic scales of these
operators: ΛLNV ≥ 2.4 TeV.
PACS numbers: 21.65.Jk, 23.40.-s, 14.60.St
Various mechanisms of neutrinoless double beta
(0νββ) decay have been considered in the literature (for
recent reviews see [1], [2]). The mechanisms are conven-
tionally constructed as Lepton Number Violating (LNV)
quark-lepton processes proceeding in vacuum. Then after
an appropriate hadronization the presence of the initial
and final nuclei is taken into account as a smearing effect
via convolution with the corresponding nuclear wavefunc-
tion. On the other hand the nuclear matter may impact
an underlying LNV process in a more direct way via the
Standard Model (SM) or beyond the SM interactions. If
this is relevant, an especially notable effect should be ex-
pected from the LNV interactions with the nuclear mat-
ter. In the present letter we consider the Majorana neu-
trino exchange mechanism and examine possible impact
of nuclear medium via LNV 4-fermion Neutral Current
interactions of neutrino with quarks from decaying nu-
cleus. The nuclear matter effect on the 0νββ-decay rate
is calculated in the mean field approach. The mean field
associated with the strong interaction is created in nuclei
by the scalar and vector quark currents and described ef-
fectively in terms of the σ- and ω-mesons [3]. Here we
consider the scalar mean field associated with the LNV
interaction. Then an effective 4-fermion neutrino-quark
Lagrangian with the operators of the lowest dimension
can written in the form:
Leff = 1
Λ2LNV
∑
i,j,q
(
gqijν
C
LiνLj · q¯q + h.c.
)
+ (1)
+
1
Λ3
∑
i,j,q
hqijνLiiγ
µ←→∂ µνLj · q¯q , (2)
where the fields νLi are the active neutrino left-handed
flavor states, gqij and h
q
ij are their dimensionless couplings
to the scalar quark currents with i, j = e, µ, τ satisfying
gqij = g
q
ji and (h
q
ij)
∗ = hqji. The first property follows
from the identity νCLiνLj = ν
C
LjνLi, the second one from
the hermiticity of the neutrino operator in the form of
kinetic term. Note that first term in Eq. (1) violates
lepton number by two units ∆L = 2 while the second
one is lepton number conserving ∆L = 0. We neglect
all the surface terms, which could, in principle, be non-
trivial due to the presence of nuclear surface where the
gradient of the nuclear matter density is large. Thus we
consider a simplified case of the infinite nuclear radius.
The scales ΛLNV and Λ of the ∆L = 2 and ∆L = 0
operators are in general different and are of the order of
the massesM of virtual particles inducing these effective
operators at tree level. These particles could be either
scalars or vectors (vector leptoquarks) with the masses
M ≫ pF ∼ 280 MeV, where pF is the Fermi momentum
2of nucleons in nuclei, which sets the momentum scale of
0νββ-decay. Gauge invariant structure of the operators
in Eq. (1) is briefly discussed later.
In the mean field approximation we replace the oper-
ator q¯q in Eq. (1) with its average value 〈q¯q〉 over the
nuclear medium. Relying on the MIT bag model we have
for the light quarks q = u, d an estimate 〈q¯q〉 ≈ 1
2
〈q†q〉
[4], which is equivalent to 〈q¯q〉 ≈ 0.25 fm−3 at the satu-
ration. Thus in the nuclear environment the Lagrangian
(1) is reduced to
Leff = 〈q¯q〉
Λ2LNV
(
νCLi gij νLj + h.c.
)
+ (3)
+
〈q¯q〉
Λ3
νLihijiγ
µ←→∂ µνLj ,
where gij = (g
u
ij + g
d
ij)/2 and hij = (h
u
ij + h
d
ij)/2. We as-
sume for simplicity the nuclear medium to be isosinglet.
Let us remind the terms of the electroweak Lagrangian
in vacuum relevant to the calculation of the amplitude of
0νββ-decay via Majorana neutrino exchange mechanism.
They are
LvacEW =
1
4
νLiiγ
µ←→∂ µνLi − 1
2
νCLi Mˆ
L
ij νLj + (4)
+
4GF cos θC√
2
lLiγ
µνLj · uLγµdL + h.c. ,
where MLij = M
L
ji is a Majorana mass matrix symmet-
ric by the same reason as hqij matrix in Eqs. (1) and
(2). It can be diagonalized by a unitary transformation
νi = U
L
ijν
′
j . In the basis where the charged lepton mass
matrix is diagonal the unitary matrix UL coincides with
the PMNS mixing matrix. Thus in the vacuum we have
LvacEW =
1
4
ν′Liiγ
µ←→∂ µν′Li −
1
2
mi ν′ CLi ν
′
Li + (5)
+
4GF cos θC√
2
lLiγ
µ ULij ν
′
Lj · u¯LγµdL + h.c .
Here, mi (i=1,2,3) is the neutrino mass in the vacuum.
According to the conventional parameterization
UL = V LD, where V L is a matrix depending
on the three mixing angles and one Dirac phase,
D = Diag{1, exp(iα21/2), exp(iα31/2)} is the diagonal
matrix of Majorana phases, which are chosen so that
m∗i = mi ≥ 0 and the entry V Le3 = sin2 θ13 has no the
Dirac phase.
As seen from Eq. (3) the neutrino interactions with the
nuclear matter affect both the mass and kinetic terms of
the vacuum Lagrangian (4), (5) so that the in-medium
Lagrangian written in the vacuum mass eigenstate basis
takes the form:
LmedEW =
1
4
ν′Li K̂ij iγµ
←→
∂ µν
′
Lj −
1
2
ν′ CLi M̂ij ν′Lj +
+
4GF cos θC√
2
lLiγ
µ ULij ν
′
Lj · u¯LγµdL + h.c. , (6)
where
K̂ij = δij + 4 〈q¯q〉
Λ3
hˆij , M̂ij = miδij − 2 〈q¯q〉
Λ2LNV
gˆij , (7)
with hˆ = UL†h UL, gˆ =
(
UL
)T
g UL. We thus have
K̂† = K̂, and M̂T = M̂.
First we bring the neutrino kinetic term in the La-
grangian (6) to the canonical form. Towards this end we
diagonalize it by a unitary transformation ν′i = Vijν
′′
j ,
V †K̂V = Diag {λk}≡ Ω, where λ∗k = λk ≥ 0. The pos-
itiveness of these eigenvalues is maintained as long as
4〈q¯q〉hˆ ≤ Λ3, which is implied in our analysis. With this
condition a field rescaling ν′′i → λ−1/2i ν′′i allows us to
arrive at the canonical kinetic term
LmedEW =
1
4
ν′′Li iγ
µ←→∂ µν′′Li −
− 1
2
ν′′ CLi λ
−1/2
i VjiM̂jkVknλ−1/2j ν′′Ln +
+
4GF cos θC√
2
lLiγ
µ ULijVjkλ
−1/2
k ν
′′
Lk · u¯LγµdL
+ h.c. (8)
Then we diagonalize the effective Majorana mass term
by a unitary transformation ν′′i =W
L
ij ν˜j ,
(
WL
)T (
Ω−1/2V TM̂V Ω−1/2
)
WL = Diag {µ¯i} (9)
where µ¯i = µi exp(−iφi) with |µ¯i| = µi. These
phases can be absorbed by the neutrino fields
ν˜Li → exp(iφi/2)ν˜Li. Only two of these phases are phys-
ical. One of φ1,2,3 can be erased by an overall phase rota-
tion of the charged lepton fields: lLi → lLi exp(−iφ1/2),
where we conventionally selected the phase φ1 to be elim-
inated. After all that we finally arrive at the neutrino
Lagrangian in the nuclear matter:
LmedEW =
1
4
ν˜Liiγ
µ←→∂ µν˜Li − 1
2
µi ν˜CLi ν˜Li + (10)
+
4GF cos θC√
2
lLiγ
µ U effij ν˜Lj · u¯LγµdL + h.c .
in terms of an effective mass eigenstate neutrino
fields ν˜Li in the nuclear environment related to
the in-vacuum fields νi from Eq. (4) as νLi =
U effij ν˜j with U
eff = ULV Ω−1/2WLP , where P =
Diag {1, exp(iφ21/2), exp(iφ31/2)]} is the diagonal mat-
ter generated Majorana phase matrix, with φ21 = φ2−φ1,
φ31 = φ3 − φ1. Note that the neutrino mixing matrix in
medium U eff is not unitary, contrasting to unitarity of
the neutrino mixing matrix UL in vacuum.
The amplitude of 0νββ-decay for the Majorana neu-
trino exchange in nuclear medium is proportional to the
quantity
mββ =
∑
i
(U effei )
2µi, (11)
3which should be compared with the corresponding quan-
tity without nuclear matter effects
mvacββ =
∑
i
(ULei)
2mi. (12)
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FIG. 1: (color online) The bands 1, 2, 3, 4 and 5 show admis-
sible values of |mββ| and m0 for h = 0 and 〈q¯q〉g = −1, −0.1,
0, 0.1, and 1 eV, respectively. The upper and lower panels
correspond to the normal (NS) and the inverted (IS) neutrino
spectrums. The CP phases spread in the interval [0,2pi]. Re-
gions to the right from the vertical solid and dotted lines are
excluded by the tritium β-decay [5] and by the cosmological
data [6, 7].
The experimental searches for 0νββ decay provide in-
formation on the in-medium effective parameter mββ
from Eq. (11). For various choices of nuclear matrix
elements the currently most stringent limit on this pa-
rameter derived by EXO-200 and KamLAND-Zen exper-
iments with 136Xe [8] and by GERDA experiment with
76Ge [9] is in the range |mββ| ≤ 0.2− 0.4 eV. Discussion
of the next-generation experiments aimed at improving
the 0νββ limits can be found in Ref. [1].
The information on the in-vacuum neutrino masses and
mixing is provided by neutrino oscillation experiments
(for a review see [10]). The quantities measured in these
experiments are the neutrino mass squared differences
∆m2ij = m
2
i −m2j and mixing angles θ12, θ23 and θ13. If
the overall mass scale is fixed, e.g., by the mass of the
lightest neutrino, m0 ≡ min(mi), all the other masses are
determined. Two types of the neutrino mass spectra are
possible: the normal one with m1 < m2 < m3 (NS) and
the inverted one with m3 < m1 < m2 (IS).
The overall neutrino mass scale in vacuum can be con-
strained by tritium beta decay measurements and cos-
mological data.
The presently best experimental limit on the neutrino
parameter mβ observable in tritium beta decay is [5]:
m2β =
∑
i |ULei|2m2i ≤ (2.2 eV)2 at 95% C.L. The KA-
TRIN experiment is expected to improve this limit by a
factor of 10 in the near future [11].
Recently, the Planck collaboration [6] reported new
limits on the sum of the neutrino masses:
∑
imi ≤
0.23 − 1.08 eV, derived from the measurements of the
temperature of the cosmic microwave background and
lensing-potential power spectra. The lowermost bound
implies m0 ≤ 0.07 eV. An upper limit of 0.28− 0.47 eV
for the sum of neutrino masses was reported in Ref. [7].
From the constraints of Refs. [8, 9] and [5–7] we de-
rive limitations on the 4-fermion effective neutrino-quark
interactions introduced in Eq. (1). We consider a sim-
plified case for the scalar couplings in Eqs. (1)-(3) such
that 4hˆijΛ
−3 = δijh, 2gˆijΛ
−2
LNV = δijg, with h, g being
real numbers, where hˆ, gˆ are defined after Eq. (7). Then
we have Vij = δij , W
L
ij = δij , Ωij = δijλ, λ = 1 + 〈q¯q〉h,
µi = λ
−1 |mi − 〈q¯q〉g|. The effective Majorana mass (11)
in this case is
mββ =
n∑
i=1
(
V Lei
)2
ξi
|mi − 〈q¯q〉g|
(1− 〈q¯q〉h)2 . (13)
Here V Lij is the PMNS mixing matrix in vacuum with-
out Majorana phases. The Majorana phase factor
is ξi = {1, exp(iα1), exp(iα2)} with α1 = (α21 + φ21)/2,
α2 = (α31 + φ31)/2, where αij are the Majorana phases
in vacuum defined together with the matrix V L after
Eq. (5). Within the simplified scheme, the quantity mββ
in nuclear medium in comparison with the one in vac-
uum depends on the two new unknown parameters: h, g.
In our numerical estimations we assume that only one
of them is different from zero at a time. The unknown
phases in Eq. (13) are varied in the interval [0, 2π]. The
vacuum mixing angles and the neutrino mass squared
differences are taken from Ref. [10]. We illustrate our
results in Fig. 1. The shaded areas display allowed val-
ues of |mββ| and m0 for a set of sample values of g with
h = 0. For both NS and IS these results, being combined
with the cosmological and tritium β-decay limits, suggest
for the LNV scale
ΛLNV ≥ 2.4TeV(Planck), 1.1TeV(Tritium) (14)
With the future KATRIN data the limit 1.1 TeV in Eq.
(14) will be pushed up to ∼ 2 TeV. For convenience we
also give our limits in terms of a dimensionless parameter
4εij defined as εijGF /
√
2 = gij/Λ
2
LNV and characterizing
the relative strength of the 4-fermion LNV operators in
(1) with respect to the Fermi constant GF . From (14)
we have εij ≤ 0.02 (Planck), 0.1 (Tritium).
The effect of a nonzero value of the coupling constant
h 6= 0 is particularly simple. Its variation results in shift-
ing the plots in Fig. 1 along the vertical axis. For the
case g = 0, corresponding to the domains 3 in Fig. 1, the
limit mββ ≤ 0.2 eV implies very weak constraint Λ ≥ 0.2
GeV on the scale Λ of the Lepton Number conserving
operator in Eq. (1).
Let us briefly comment on the gauge invariant origin of
the operators in Eq. (1). The lepton number conserving
operator with the derivative stems after the Electroweak
Symmetry Breaking (EWSB) from the SM gauge invari-
ant operators of the type:
1
M4
[
zdL¯iD/ L · Q¯dR ·H + zuL¯iD/ L · Q¯uR · ǫH†
]
, (15)
where L, Q and H are the lepton, quark and Higgs SU2L
doublets. The gauge invariant contractions of their com-
ponents are implied and involve the SM gauge covariant
derivative D/ = γµD
µ. The LNV operators in Eq. (1)
may have various origins. Some examples are:
1
M3LNV
[
κ1LCαLβ · Q¯αuR · ǫβγHγ + (16)
+κ2LCαγµuR · Q¯αγµLβ · ǫβγHγ + ...
]
.
Here the subscript Greek letters denote components of
the SU2L doublets. A complete list of the correspond-
ing operators and their possible ultraviolet completions
will be presented elsewhere. In Eqs. (15), (16) we in-
troduced common scales M,MLNV of the operators and
their dimensionless couplings zu,d, κi, which are, in gen-
eral, non-diagonal matrices in the flavor space. After the
EWSB due to 〈H0〉 = v these operators engender the
corresponding operators in Eqs. (1), (2) with the scales
zqv
M4
=
hq
Λ3
,
κv
M3LNV
=
g
Λ2LNV
. (17)
As seen from Eq. (16), due to the gauge invariance
the terms with the scalar quark currents q¯q in Eq. (1),
appearing after the EWSB, have to be accompanied with
the pseudoscalar ones q¯γ5q having the same couplings so
that:
1
Λ2LNV
νCL νL
[
(guu¯u+ gdd¯d) + (guu¯γ5u− gdd¯γ5d)
]
.
Therefore, the scale ΛLNV can also be evaluated from
BR(π0 → νν) ≤ 2.7 × 10−7 [10]. Assuming gij = 1 as
in Eq. (14) we have ΛLNV ≥ 560 GeV, which is less
stringent than those in Eq. (14).
Note that the scale (14) of the operators in Eq. (2) sug-
gests underlying renormalizable mechanisms with heavy
intermediate particles with masses at the TeV scale which
is within the reach of the experiments at the LHC. As
shown in Ref. [12] these experiments have great potential
in distinguishing the underlying mechanisms and setting
limits on the scales of the effective operators.
Non-standard interactions affect neutrino propagation
in matter. Thus, one may expect additional constraints
on the energy scale of these interactions from astro-
physical implications. The vector 4-fermion interactions
ν¯γν · q¯γq are intensively discussed in the literature (for
a review see Ref. [13]). Their contribution to the in-
medium neutrino Hamiltonian is independent of the neu-
trino energy in contrast to the scalar-type interactions
whose effect reduces to renormalization of the neutrino
mass matrix suppressed by the neutrino energy. Neutrino
oscillations in matter are therefore much less sensitive to
the interaction of Eqs. (1) and (2). On the other hand,
our constraints (14) are comparable to the most stringent
ones derived so far for the non-standard interactions of
the vector type.
Note that the Majorana neutrino mass mν in vac-
uum and the LNV operators in Eq. (1) should origi-
nate from the same underlying LNV physics at the en-
ergy scales above ΛLNV . However mechanisms gener-
ating these two effective Lagrangian terms may be very
different. In this context it is instructive to estimate
the significance of the direct contribution δmν of the
LNV operators in Eq. (1) to the Majorana neutrino
mass. This contribution is given by the quark bubble
attached to the neutrino line as it follows from the con-
traction of the quark fields in Eq. (1). The result is
δmν ∼ gq/(4πΛLNV )2m3q log(ΛLNV /mq) wheremq is the
light quark q = u, d mass in the loop. The usual MS
renormalization scheme is applied to obtain the finite re-
sult. This relies on the assumption that the complete un-
derlying theory is renormalizable. For ΛLNV ∼ 2.4 TeV,
md ∼ 5 MeV and gq = 1 we find δmν ∼ 10−6 eV, which
is very small and could represent only a subdominant
contribution to neutrino mass. There must be another
mechanism of the neutrino mass generation compatible
with the neutrino oscillation data.
In the future, the gradually improving cosmological
and single β-decay neutrino mass limits may come into
conflict with the possible evidence of 0νββ decay. If so,
the new physics would be mandatory. In particular it can
be represented by the new effective TeV scale neutrino-
quark interactions (1), (2) enhanced in 0νββ decay by
the nuclear mean field. If the dominant mechanism of
0νββ decay is Majorana neutrino exchange, the scenario
presented here will provide the most direct explanation
for the above mentioned possible incompatibility between
the experiments.
In conclusion, we revisited the Majorana neutrino ex-
change mechanism of 0νββ-decay in the presence of
non-standard LNV interactions of neutrino with nuclear
matter of decaying nucleus. These interactions were
parametrized with the effective Lepton Number Violating
and Lepton Number conserving 4-fermion neutrino-quark
operators of the lowest dimension. In terms of these op-
5erators we calculated the in-medium Majorana neutrino
mass, mixing matrix and the parameter mββ driving the
0νββ decay within the neutrino exchange mechanism.
Combining experimental limits on this parameter with
the cosmological and tritium beta decay constraints on
the neutrino overall mass scale we extracted a stringent
limit on the scale of the LNV interactions of neutrino
with the quark scalar current. In the similar way the nu-
clear matter may affect other underlying mechanisms of
0νββ decay.
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